Patients (305 patients with pulmonary tuberculosis) and controls (290 household genetically unrelated contacts) were tested by polymerase chain reaction (PCR) for polymorphisms in the intron 15 and the 5 0 untranslated region of the gene coding for the a3 isoform of the human ATPase gene. Diagnosis of pulmonary tuberculosis was based on chest radiography and sputum smear examination and confirmed by PCR and bacteriological tests. Alleles (two at each site) segregated in the form of four haplotype pairs: 13, 14 (very rare), 23, and 24. The 13/24 (double heterozygous) patients were protected against tuberculosis (OR: 0.15; P: 10 À8 ; CI: 0.08-0.3). The 13/13 vs 13/24 and 23/23 vs 23/24 (double homozygous) patients were susceptible to the disease (OR. 5.8; P: 6 Â 10
Introduction
The biochemical reactions that take place in the cellular organelles, the cytoplasm and extracellular space require different conditions of pH (neutral in the endoplasmic reticulum, mildly acidic in early endosomes, highly acidic in late endosomes and lysosomes). 1 Eukaryotic cells regulate the pH by different means, but primarily through the vacuolar ATPase (V-ATPase) enzyme.
1 V-ATPase, present in all eukaryotic cells from yeast to mammals, 2 is expressed in clathrin-coated vesicles, endosomes, lysosomes, secretory vesicles and the plasma membrane of osteoclasts, renal intercalated cells, neutrophils and macrophages. Maintenance of an acidic environment is essential for receptor-mediated endocytosis, intracellular membrane traffic, protein processing and degradation, bone resorption by osteoclasts, and acid secretion by the intercalated cells of the kidneys. All these processes, to a large extent, are therefore under the control of V-ATPase. The enzyme consists of a peripheral domain (V1), responsible for ATP hydrolysis and a membrane-bound domain (V0), responsible for the transport of protons across the membrane. The V1 and V0 domains consist of eight (A-H) and six (a, c, c 0 , c 00 , d, e) subunits, respectively. In humans, the 'a' subunit has four different isoforms (a1-a4), expressed in a tissue-and organelle-specific manner.
3 V-ATPase is also involved in the pathological processes; mutations in the a3 subunit cause osteopetrosis 4 and in the a4 subunit, distal renal tubule acidosis. 5 Mycobacterium tuberculosis has the unique ability to survive within macrophages by inhibiting the fusion of phagosomes with lysosomes. The pathogen inhibits phagosome maturation excluding V-ATPase from the phagosome. 6, 7 Bafilomycin A 1 (an inhibitor of V-ATPase) reduces significantly the intracellular killing of phagocytosed M tuberculosis 8 and the production of reactive oxygen species. 8 Both these activities contribute significantly to the antimicrobial activity of the phagocytic cell. 8 Exclusion of V-ATPase from phagosomes also blocks the processing of Mycobacterium antigens by the macrophages. [7] [8] [9] Thus, M. tuberculosis curbs both the functions of macrophages, as phagocytic cells and as antigenpresenting cells. In addition, V-ATPase suppresses the expression of macrophage-derived pro-inflammatory cytokines, in particular of TNF-a, 10 which is essential for the control of M. tuberculosis infection: too little as well as too much production of this cytokine predisposes to pulmonary tuberculosis. [11] [12] [13] All this evidence points to a role of the V-ATPase gene in conferring resistance against or susceptibility to M. tuberculosis. The article describes two polymorphic sites (A and B) located in the intron 15 and the 5 0 untranslated region of the gene coding for the a3 isoform of human V-ATPase, respectively. The article shows that, depending upon the haplotype pair combination, the gene can confer resistance or susceptibility to pulmonary tuberculosis. Careful epidemiological analysis has delivered the first evidence for the unexpected effect of the V-ATPase gene on an important human pathogen.
Results

Study design
The study focused on the gene coding for the a3 isoform, which is highly polymorphic 14 and expressed on alveolar macrophages, the primary cellular defense mechanism of lungs. [8] [9] [10] [11] [12] [13] [14] [15] The study was extended to six SNPs (rs36027301, rs4147779, rs2471829, rs4147778, rs4147780 and rs2075609), which are not found in patients affected with osteopetrosis. 4 The corresponding alleles were therefore expected to be present in the population at a reasonable frequency. Genetic association studies suffer from low reproducibility. [16] [17] [18] To minimize type 1 errors (false-positive results), a two-stage study design was adopted. The first sample (100 cases and 100 controls) tested the potential association between each SNP and pulmonary tuberculosis (in case of lack of association with all SNPs under study, the size of this sample would have been expanded). The second independent and larger sample tested only the SNPs that displayed a P-value Pp0.05 in the preliminary study. The design represented a compromise between the need to reduce the risk of type 1 errors and the need to limit laboratory workload. Also, the design bypassed the drawback of correction for multiple comparisons.
V-ATPase genotypes and pulmonary tuberculosis Of the six SNPs tested preliminarily, only two (rs2075609 and rs4147780) were statistically associated with pulmonary tuberculosis. The second stage of the study was therefore limited to these two polymorphic sites. The SNP with PubMed access number rs2075609 is located in the intron 15 of the gene coding for the a3 isoform of the human V-ATPase gene and has two alleles (1 and 2); the SNP with PubMed access number rs4147780 is located in the 5 0 untranslated region of the same gene and has also two alleles (3 and 4) . The locus in the intron 15 was termed A and the locus in the 5 0 untranslated region B. Family data (father, mother and one or more offspring) were compatible with a model of inheritance based on the presence at each locus of two co-dominant alleles. Thus, descendents from two heterozygous parents (12 Â 12 or 34 Â 34) displayed one, the other or both alleles at the A or B loci. Stratification, where different strata are present within the sample population and mating occurs between subjects of the same stratum, 19 is often claimed to be responsible for false-positive results in association studies. 20, 21 Stratification arises when different ethnic groups are included in the same study. 22 Therefore, to minimize the risk of causing stratification, this study was limited to one ethnicity.
Genotype frequencies at the A and B loci were in Hardy-Weinberg equilibrium among controls, but not among cases (Table 1 ). This result was compatible with a possible association between the A and B loci and tuberculosis. The alleles 1-2 and 3-4, tested separately for association with pulmonary tuberculosis, displayed no significant difference between cases and controls (Table 2) . However, at both loci, heterozygosity (the 12 or 34 status) was associated with protection from pulmonary tuberculosis (Table 3) (Table 3 ). In conclusion, the difference between cases and controls rests clearly in the genotypic distribution (marked deficiency of heterozygotes among cases), rather than in the allelic frequencies.
V-ATPase haplotype pairs and pulmonary tuberculosis Family data (Table 4) established that the alleles at the A and B loci are in linkage disequilibrium and inherited in the form of the haplotypes 13, 14, 23, 24. The rarity of the 14 haplotype (detected in three subjects out of 595) ( Linked alleles often interact; haplotypes therefore are thought to be of more direct biological relevance, compared with single alleles. 21 The analysis was therefore repeated at the haplotype pair level. Haplotype pair distribution was in Hardy-Weinberg equilibrium among controls but not among cases (Table 5) . Also, some of the haplotype pairs (13/13, 23/23) were more frequent among cases, whereas others (13/24, 23/24) were more frequent among controls (Table 5 ). This result suggested that V-ATPase haplotype pairs, depending upon their combination, could protect the host against tuberculosis or predispose the host to the disease. Careful analysis of the data showed that haplotype pairs displaying homozygosity at both loci (13/13, 23/23) confer susceptibility, whereas haplotype pairs displaying heterozygosity at one locus (13/23) or both loci (13/24) confer protection to the same disease. Remarkably, the highest level of protection (OR: 0.15; CI: 0.08-0.3; P: o10
À8
) was associated with heterozygosity at both loci (Table 3) . Thus the heterozygote advantage observed at genotype level, was confirmed at the haplotype pair level. Given the frequencies of the protective haplotype pair 13/24 among controls (Table 5 ), the proportion of potential cases of pulmonary tuberculosis prevented by this haplotype pair is 15%. On the other hand, the proportion of the cases of pulmonary tuberculosis detected in this study and attributable to the haplotype pairs 13/13 and 23/23 is 22.8% (8.7 þ 14.1%).
The subjects (cases and controls) in this study were also used in an earlier study to demonstrate that the HYA/HYA haplotype pair at the mannose-binding lectin gene (MBL) is strongly protective against pulmonary tuberculosis. 23 Comparison of the results from the two studies provides vivid evidence of how two haplotype pairs, both protective, can differ significantly in penetrance: whereas only 2 out of 278 patients displayed the protective haplotype pair MBL-HYA/HYA, 20 many more (38 out of 305) of the same patients displayed the protective haplotype pair V-ATPase 13/24 ( Table 5) . The difference in penetrance might reflect intrinsic differences between the two haplotype pairs or differences in the way host (background genes, prior immunity) and microbial factors (M. tuberculosis strain) influence the two haplotype pairs.
Discussion
The results of association studies are often called into question because of their lack of replication. [16] [17] [18] Genetic stratification, [21] [22] [23] [24] low statistical power 18 and multiple testing without Bonferroni correction [20] [21] [22] [23] [24] [25] are frequently indicated as sources of false-positive findings. It is therefore relevant to discuss how each of these potential artifacts was controlled. Ethnic groups differ in gene and disease frequencies. 24 To exclude genetic stratification, subjects of one single ethnicity (Italian) were therefore enrolled. All subjects had four grandparents of Italian ancestry. By these means, the primary source of confounding in case-control studies was avoided. 24 Some of the associations reported in Table 3 are characterized by an unusually stringent P-value (Po10 À5 ), 20 which permits to anticipate that these associations are reproducible, though being described for the first time. 18 The probability of an association to be true depends on the P-value, the number of hypotheses being tested and the statistical power (the sample size). 20 The statistical power of this study was calculated assuming that one single hypothesis would be tested: association between the V-ATPase gene and pulmonary tuberculosis versus non-association. To ensure replication of this result, the analysis was therefore limited to the V-ATPase locus. Phrased another way, the search for interaction between loci (MBL and V-ATPase loci) was killed to save the high replication probability of the association between the V-ATPase gene and pulmonary tuberculosis. The twostage design-using independent samples to identify and replicate genetic associations-was also adopted to bypass the potential drawback of the correction for multiple testing. 25 Afterwards, one can say that Bonferroni correction for the six SNPs analyzed in the preliminary study would have lowered the a for each test to 8 Â 10
À3
, leaving significant the P-values reported in Table 3 . As a further check on data quality, controls were selected to match cases in terms of ethnicity and environmental exposure. 26, 27 Controls were the wives or husbands of the patients included in study or persons, who, at the time of enrollment, had cohabited for at least 8 months with a patient not included in the study (in sum, controls were subjects exposed, but genetically unrelated to the patients and between them). Systematic genotyping errors, also known to lead to false associations, 28 were ruled out by sequencing 40 randomly selected DNA samples. The agreement between results from the PCR and sequencing techniques was complete. The evidence that controls are in Hardy-Weinberg equilibrium also concurs to exclude systematic genotyping errors. 29, 30 In conclusion, the above arguments collectively convince about the strength of data. However, as in the case of an association being The rarity of the 14 haplotype (found in 3 out of 595 subjects tested: see Table 5 ) facilitated haplotype phasing of double heterozygous subjects. V-ATPase polymorphism and pulmonary tuberculosis R Capparelli et al described for the first time, the results of this study are prudently presented as preliminary.
The over-or under-representation of some haplotype pairs among patients or controls does not explain why some haplotype pairs protect against pulmonary tuberculosis, whereas others predispose to this disease. The biological relevance of the association needs therefore to be addressed. One of the functions of V-ATPase is to modulate the expression of inflammatory cytokines produced by the macrophages. Modulation occurs at the mRNA level by inhibiting the transcription of the NF-kB factor. 10 Although macrophage-derived cytokines are essential for the control of pathogens, a high level or persistent production of these molecules can be deleterious to the host. Thus, both the overabundance and deficiency of TNF-a (one of the macrophage-derived cytokines) are both associated with severe tuberculosis. [11] [12] [13] Given the importance and, at the same time, the potential harmful effect of these cytokines, the biological plausibility of an intermediate level of pro-inflammatory cytokine production becomes obvious: the intermediate phenotype benefits from an optimal inflammatory response. Balanced polymorphism is thus proposed as the mechanism maintaining allele frequencies at the V-ATPase locus, with susceptibility to M. tuberculosis of homozygotes being compensated by the protection afforded to the heterozygotes. The same gene might also influence susceptibility to other infectious or inflammatory diseases. In this case, haplotype frequencies would reflect multiple selective pressures. Heterozygote advantage has been repeatedly exploited by natural selection as a mechanism to confer resistance to infectious diseases. Examples are the HbS variant of human hemoglobin, 31 prion protein, 32 glucose-6-phosphate dehydrogenase, 33 SLC1A1 34 (formerly NRAMP1), TNF-a, 11 TLR-2. 35 The biological relevance of the V-ATPase gene (and the epidemiological evidence discussed above) lend high prior probability that the association between the polymorphism and the disease is real. 36 Most association studies focus on the analysis of coding variants, which alter the amino-acid sequence of the encoded proteins. Intronic and other sources of regulatory variation generally are neglected. The polymorphisms described in this study are both located in non-coding regions of the V-ATPase gene (locus A in the intron 15 and locus B in the 5 0 untranslated region). They add further evidence to the notion that non-coding regions often contain regulatory sequences, which affect gene expression and cause human genetic diseases. Thalassemias, 37 hypercholesterolemia, 38 human retinoblastoma susceptibility gene 39 are classical examples of clinically relevant diseases caused by variation in noncoding sequences. Inflammation is finely regulated through a complex network of transcription factors and post-translational mechanisms. [40] [41] [42] It is therefore conceivable that pathogen susceptibility or resistance might also in part reflect differences in gene expression. A future challenge for genetic association studies of human diseases will be to identify polymorphisms in non-coding sequences.
Among controls, 14 and 20 subjects displayed the susceptibility haplotype pair 13/13 or 23/23, respectively. Among cases, 53 and 38 subjects displayed the resistance haplotype pair 23/24 or 13/24. How can these results be explained? A plausible explanation is that resistance to tuberculosis is controlled by a mix of genes, 43 which are influenced by the environment [44] [45] [46] and sometimes even overridden by the environment. 44 Thus, the effect of the ATPase genotype on each subject (either case or control) could be large or small, depending on environmental factors, background genes or the microbial strain. Depending upon these variables, the V-ATPase gene might have an important clinical effect or none at all. Overall, this data show that one of the many functions of the V-ATPase gene is also to control the innate immune response to M. tuberculosis, contributing to explain, at least in one population, the differences in resistance or susceptibility to pulmonary tuberculosis and the composition of the genetic risk to this disease.
Patients and methods
Patients
The study included 305 patients with pulmonary tuberculosis (208 male and 97 female patients, mean age 46 years). Diagnosis of pulmonary tuberculosis was based on chest radiography and microscopic examination of sputum smears. The diagnosis was confirmed by PCR and bacteriological tests.
Controls
Controls were household genetically unrelated contacts (wives or husbands of the patients included in the study or persons, who, at the time of enrollment, had cohabited for at least 8 months with a patient not included in the study). Controls (186 male and 104 female patients, mean age 40 years) did not present with any symptoms of pulmonary tuberculosis by chest radiography. In the course of the study four controls became positive to the skin test and were excluded. Patients and controls were all of Italian ethnicity, negative for HIV and without medical conditions affecting immunity.
Sample size calculation Preliminary data from 100 cases and 100 controls showed that in the control population the frequencies of susceptible subjects at the V-ATPase-A and V-ATPase-B loci were 0.59 and 0.47, respectively. Based on this information, it was calculated that a sample size of 284 cases and as many controls would provide 90% power to detect an odds ratio (OR) of two or greater with a two-sided a of 0.01. The numbers of cases and controls enrolled were 305 and 290, respectively. 
V-ATPase genotyping
Statistical analysis
Odds ratios (OR) and their 95% confidence intervals were calculated and Fisher's exact test was conducted as described elsewhere. 47 Hardy-Weinberg equilibrium was calculated using the w 2 -test. 48 Degrees of freedom (d.f.) were calculated according to the formula k(kÀ1)/2, where k is the number of alleles. 49 Relative risk reduction and attributable risk were calculated as described in Modiano et al. 50 and Miettinen, 51 respectively.
